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(54) Method for producing f ullerenes 

(57) A method for producing fullerenes, character- 
ized in that said method includes a step (a) of contacting 
an aromatic compound-containing starting material with 
a supercritical fluid or a subcritical fluid at a temperature 
in a range of from 31 °C to 500 °C and at a pressure in 
a range of from 3.8 MPa to 60 MPa. Said supercritical 



fluid or said subcritical fluid is formed from one or more 
kinds of materials selected from the group consisting of 
an aromatic compound as said starting material, a sol- 
vent capable of dissolving said aromatic compound, wa- 
ter, dinitrogen monoxide, and ammonia. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0001] The present invention relates to a method for 
producing fullerenes. More particularly, the present in- 
vention relates to a method which enables one to mass- 
produce fullerenes from relatively inexpensive raw ma- 
terial. 

2. Related Background Art 

[0002] Since the discovery of fullerene having a 
soccer ball-like polyhedral molecular structure compris- 
ing 60 carbon atoms by H. W. Kroto, R. E. Smallry and 
R. F. Curl, fullerene C 70 with 70 carbon atoms, fullerene 
C 76 with 76 carbon atoms, fullerene C 78 with 78 carbon 
atoms, fullerene C 82 with 82 carbon atoms, fullerene 
with 84 carbon atoms, fullerene C 86 with 86 carbon at- 
oms, fullerene C^ with 88 carbon atoms, fullerene C 90 
with 90 carbon atoms, fullerene C^ with 94 carbon at- 
oms, and fullerene C 96 with 96 carbon atoms respec- 
tively having a soccer bail-like polyhedral molecular 
structure have been successively discovered. Besides, 
fullerenes containing metal elements therein have been 
also discovered. Along with the discovery of these fuller- 
enes, various researches on their application use in 
functional devices and medicaments have been vigor- 
ously carrying out. 

[0003] As the method of producing such fullerenes, 
there have been developed various methods such as a 
laser evaporation in heated flow gas method wherein 
fullerenes are extracted from a soot-like material pro- 
duced by radiating a laser to a graphite in an argon or 
helium gas stream heated to high temperature of about 
1 200 °C ; a resistive heating method wherein fullerenes 
are extracted from a soot-like material produced by en- 
ergizing a graphite rod to heat the graphite rod in a he- 
lium gas atmosphere; an arc-discharge method wherein 
fullerenes are extracted from a carbon medium pro- 
duced by generating arc-discharge between two graph- 
ite electrodes; a high frequency induction heating meth- 
od wherein fullerenes are extracted from extracted from 
a soot-like material produced by heating and evaporat- 
ing a graphite by flowing overcurrent therein by way of 
high frequency induction; and a burning method wherein 
fullerenes are extracted from a soot-iike material pro- 
duced by burning a mixed gas comprising benzene and 
oxygen which is diluted with argon gas. 
[0004] Besides, Japanese Laid-open Patent Publica- 
tion No. 5(1 993)-1 86865 discloses a method for produc- 
ing carbon clusters by subjecting a pair of electrodes 
comprising a carbon rod and a metal rod arranged in a 
vessel filled with inert gas to arc-discharging or resistive 
heating. Japanese Laid-open Patent Publication No. 6 
(1994)-56414 and Japanese Laid-open Patent Publica- 
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tion No.6(1 994)-32606 disclose a method for producing 
fullerenes by isolating them from a solid material pro- 
duced by supplying an aromatic compound in a heat 
plasma generated. 

5 [0005] However, any of the above-mentioned meth- 
ods for producing fullerenes has disadvantages such 
that the starting material and the apparatus used for 
practicing the method are costly, the yield is low, and it 
is difficult to quantitatively produce fullerenes at a rea- 

10 sonable production cost. 

SUMMARY. OF THE INVENTION 

[0006] The present invention has been accomplished 
15 jn view of the circumstances in the prior art for the pro- 
duction of fullerenes. 

[0007] The present invention makes it an object to 
provide a method which enables one to quantitatively 
produce fullerenes, which are capable of being applied 

20 in various functional devices and medicaments, from 
relatively inexpensive raw material by a simple manner 
using a relatively inexpensive apparatus. 
[0008] The fullerenes produced in the present inven- 
tion include various fullerenes whose number of carbon 

25 atoms being different one from the other, including fuller- 
enes whose carbon atoms are partly modified by other 
chemical bonds with metal atoms to contain fullerene 
derivative metal atoms, and fullerenes whose carbon at- 
oms are partly substituted with nitrogen atoms, boron 

30 atoms or silicon atoms. 

[0009] The method for producing fullerenes of the 
present invention is characterized in that said method 
includes a step of contacting an aromatic compound- 
containing starting material with a supercritical fluid or 

35 a subcritical fluid. In a typical embodiment, the starting 
material is contacted with the supercritical fluid or the 
subcritical fluid at a temperature preferably in a range 
of from 31 °C to 500 °C or more preferably in a range 
of from 250 °C to 500 °C. In this case, it is preferred that 

40 the contact of the starting material with the supercritical 
fluid or the subcritical fluid is conducted under pressure 
condition of 3.8 MPa to 60 MPa. 
[0010] The supercritical fluid means a fluid having liq- 
uid properties and gaseous properties and which is in a 

45 state with a temperature and a pressure respectively ex- 
ceeding the critical point (the critical temperature and 
the critical pressure) where gas and liquid can together 
exist. The subcritical fluid means a fluid following the 
supercritical fluid. Specifically, when the above critical 

50 temperature is made to be T 0 (absolute temperature) 
and the above critical pressure is made to be P 0 (MPa), 
the subcritical fluid means a fluid which is in a state with 
an absolute temperature T and a pressure P which sat- 
isfy the following equations. 

55 

T ^ 0.8T 0 
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[001 1 ] The supercritical fluid or the subcritical fluid is 
formed from one or more materials selected from the 5 
group consisting of an aromatic compound as the start- 
ing material, a solvent for said aromatic compound, wa- 
ter, dinitrogen monoxide, and ammonia. Said solvent is 
preferred to comprise a solvent which can dissolve more 
than 2 mole% of a solute (that is, said aromatic com- 10 
pound) at a temperature of 20 °C under pressure of 
0.1013 M Pa. As preferable specific examples : there can 
be illustrated carbon dioxide, alcohols, hydrocarbons 
and ethers. These solvents may be used either singly 
or in combination of two or more of them. *5 
[0012] The aromatic compound-containing starting 
material can include benzene, toluene, xylene, pitch, 
pitch coke, petroleum coke coal tar, fluoranthene, 
pyrene, chrysene, phenanthrene anthracene, naphtha- 
lene, methylnaphthalene fluorene, biphenyl, and 20 
acenaphthene. These materials may be used either sin- 
gly or in combination of two or more of them. 
[0013] In the fullerene producing method of the 
present invention, when the starting material is contact- 
ed with the supercritical fluid or the subcritical fluid, there 25 
is afforded a reaction product containing fullerenes. The 
method of the present invention further includes a step 
of subjecting the reaction product to a heat treatment at 
a temperature in a range of from 300 to 600 °C, in order 
to remove impurities contained in the reaction product. 30 
The heat treatment rs preferred to be conducted in a gas 
atmosphere composed of one or more gases selected 
from the group consisting of argon gas. helium gas and 
nitrogen gas. 

[0014] The heat-trcaicd reaction product contains 35 
fullerenes. The method of the present invention still fur- 
ther includes a step of extracting a solvent-dissoluble 
component containing fullerenes from the heat-treated 
reaction product by dissolving the dissoluble component 
contained in the heat-treated reaction product in a sol- 40 
vent capable of dissolving fullerenes. 
[0015] In the fullerene-producing method of the 
present invention, it is possible that to contact the start- 
ing material with the supercritical fluid or the subcritical 
fluid is performed in the presence of a transition metal 45 
or/and a transition metal compound. 
[0016] The transition metal element constituting the 
transition metal or the transition metal compound can 
include Ti, V, Cr, Mn : Fe, Co, Ni, Cu, Y, Zr Nb, Mo, Ru, 
Pd, Ag, Ta, W, Pt, and Au. 50 
[0017] The transition metal compound can include 
transition metal halidcs, transition metal sulfides, tran- 
sition metal carbides, organo transition metal com- 
pounds, transition metal nitrides, and transition metal 
oxides. These transition metal compounds may be used 55 
either singly or in combination of two or more of them. 
[001 8] The fullerene-producing method of the present 
invention is preferred to include a purification step in that 



4 

the fullerenes-containing product obtained is purified. 
Specifically, in the case where the fullerenes contained 
in the reaction product obtained when the aromatic com- 
pound-containing starting material is contacted with the 
supercritical fluid or the subcritical fluid contain a mag- 
netic metal element therein, the magnetic metal ele- 
ment-containing fullerenes are collected by means of a 
magnet, whereby it is possible to obtain a purified fuller- 
enes-containing product. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] 

FIG. 1 shows a flow chart illustrating an example of 
the method for producing fullerenes according to 
the present invention. 

FIG. 2 is a schematic cross-sectional view illustrat- 
ing an example of a reaction apparatus used for 
practicing the fullerenes-producing method of the 
present invention. 

DETAILED DESCRIPTION OF THE INVENTION AND 
PREFERRED EMBODIMENTS 

[0020] As previously described, the present invention 
provides a method which enables one to quantitatively 
produce fullerenes, characterized in that said method 
includes a step of contacting an aromatic compound- 
containing starting material with a supercritical fluid or 
a subcritical fluid. 

[0021 ] As previously described, said supercritical fluid 
or said subcritical fluid is formed from a prescribed raw 
material. However, such raw material is not always nec- 
essary to be added in the case where said starting ma- 
terial comprises an aromatic compound-containing ma- 
terial which can be converted into a supercritical fluid or 
a subcritical fluid at a prescribed temperature and at a 
prescribed reaction pressure which are adopted in the 
method of the present invention. 
[0022] As previously described, the fullerenes pro- 
duced in the present invention include various fullerenes 
whose number of carbon atoms being different onef rom 
the other, including fullerenes whose carbon atoms are 
partly modified by other chemical bonds with metal at- 
oms to contain fullerene derivative metal atoms, and 
fullerenes whose carbon atoms are partly substituted 
with nitrogen atoms, boron atoms or silicon atoms. 
[0023] As the aromatic compound-containing starting 
material used in the present invention, any aromatic 
compound-containing materials capable of producing 
fullerenes and which can be acquired at a reasonable 
cost can be selectively used. 

[0024] As specific examples of such aromatic com- 
pound-containing material, there can be illustrated ben- 
zene, toluene, xylene, pitch, pitch coke, petroleum coke, 
coal tar, fluoranthene, pyrene, chrysene, phenanthrene, 
anthracene, naphthalene, methylnaphthalene, flu- 



JSDOCID: <EP 1300363A2_I__> 



5 



EP 1 300 363 A2 



6 



orene, biphenyl, and acenaphthene. These materials 
may be used either singly or in combination of two or 
more of them. 

[0025] Of the above-mentioned materials, pitch, pitch 
coke, petroleum coke, and coal tar are preferred be- 
cause they can be easily acquired at a relatively inex- 
pensive cost. 

[0026] As previously described, the supercritical fluid 
used in the present invention means a fluid having liquid 
properties and gaseous properties and which is in a 
state with a temperature and a pressure respectively ex- 
ceeding the critical point (the critical temperature and 
the critical pressure) where gas and liquid can together 
exist. And the subcritical fluid used in the present inven- 
tion means a fluid following the supercritical fluid. Spe- 
cifically, when the above critical temperature is made to 
be T 0 (absolute temperature) and the above critical 
pressure is made to be P 0 (MPa), the subcritical fluid 
means a fluid which is in a state with an absolute tem- 
perature T and a pressure P which satisfy the following 
equations. 

T ^ 0.8T n 



P ^ 0.8P 0 

[0027] To contact the aromatic compound-containing 
starting material with the supercritical fluid or the sub- 
critical fluid in the present invention may be conducted, 
for instance, in the following manner. The aromatic com- 
pound-containing starting material and a raw material 
for forming the supercritical fluid or the subcritical fluid 
are introduced into a substantially enclosed reaction 
vessel, and the starting material and the raw material 
are together heated at a prescribed temperature while 
being compressed at a prescribed pressure in the reac- 
tion vessel, where the raw material in a mixed state with 
the starting material is converted into a supercritical fluid 
or a subcritical fluid and the starting material is contact- 
ed and reacted with the resulting supercritical fluid or 
the resulting subcritical fluid to afford a reaction product 
containing fullerenes. 

[0028] The heating temperature and the compressing 
pressure in this case are different depending upon the 
kind of the raw material used for forming the supercritical 
fluid or the subcritical fluid. However, in general, it is pre- 
ferred that the heating temperature is preferably in a 
range of from 31 °C to 500 °C or more preferably in a 
range of from 250 °C to 500 °C and the compressing 
pressure is in a range of from 3.8 MPa to 60 MPa, from 
the viewpoint of the condition under which fullerenes are 
produced and also from the viewpoints of diminishing 
the cost of the apparatus used and saving the operation 
energy. 

[0029] It is presumed that the supercritical fluid or the 
subcritical fluid functions as a reaction medium to form 



fullerenes from the aromatic compound-containing 
starting material. Particularly, the supercritical fluid has 
an excellent solvent function and promotes the forma- 
tion of fullerenes from the aromatic compound-contain- 

5 ing starting material. Therefore, it is preferred that the 
aromatic compound-containing starting material is con- 
tacted with the supercritical fluid, wherein it is preferred 
that the foregoing heating temperature and the forego- 
ing compressing pressure respectively exceed the crit- 

10 jcal temperature and the critical pressure of the super- 
critical fluid. 

[0030] The raw material which is converted into the 
supercritical fluid or the subcritical fluid to form the re- 
action medium (this raw material will be hereinafter re- 

*5 f erred to as "reaction medium-forming material") com- 
prises a material capable of being converted into a su- 
percritical fluid or a subcritical fluid at a temperature 
preferably in a range of from 31 °C to 500 °C or more 
preferably in a range of from 250 °C to 500 °C and at a 

20 pressure in a range of from 3.8 MPa to 60 MPa. 

[0031 ] Such material as the reaction medium-forming 
material can include an aromatic compound as the start- 
ing material, a solvent for said aromatic compound, wa- 
ter, dinitrogen monoxide, and ammonia. These materi- 

25 a ls may be used either singly or in combination of two 
or more of them as a mixture. 

[0032] Said solvent for said aromatic compound is 
preferred to comprises a solvent which can dissolve 
more than 2 mole% of a solute (that is, said aromatic 
30 compound) at a temperature of 20 °C under pressure of 
0.1013 MPa. 

[0033] As preferable specific examples of such sol- 
vent, there can be illustrated carbon dioxide, alcohols, 
hydrocarbons and ethers. These solvents may be used 

35 either singly or in combination of two or more of them. 
As specific examples of said alcohol, there can be illus- 
trated methanol, ethanol, and propyl alcohol. As specific 
examples of said hydrocarbon, there can be illustrated 
methane, ethane, ethylene, propane, propylene, bu- 

40 tane, butene, pentane, and hexane. 

[0034] Of the above-mentioned materials as the reac- 
tion medium-forming material, carbon dioxide and water 
are preferable. 

[0035] The critical temperature and the critical pres- 
45 sure at which carbon dioxide is converted into a super- 
critical fluid are respectively 31 °C and 7.38 MPa. The 
critical temperature and the critical pressure at which 
water is converted into a supercritical fluid are respec- 
tively 374 °C and 22.0 MPa. Separately, the critical tem- 
50 perature and the critical pressure at which toluene is 
converted into a supercritical fluid are respectively 319 
°C and 4.11 MPa. And the critical temperature and the 
critical pressure at which naphthalene is converted into 
a supercritical fluid are respectively 475 °C and 4.11 
55 MPa. 

[0036] The f ullerene-producing method of the present 
invention is preferred to include a heat-treating step. 
[0037] In the heat-treating step, the reaction product 



4 



JSDOCID: <EP 1 300363A2_I_> 



7 



EP 1 300 363 A2 



8 



obtained when the aromatic compound-containing start- 
ing material is contacted with the supercritical fluid or 
the subcritical fluid is subjected to a heat treatment to 
remove impurities including unreacted material con- 
tained in the reaction product. This heat-treating step 
serves to improve the purity of fullerenes. 
[0038] It is preferred that the above heat treatment is 
conducted at a temperature less than the temperature 
at which fullerenes are disappeared. Such temperature 
is preferably in a range of from 300 °C to 600 °C or more 
preferably in a range of from 300 °C to 400 °C. Further, 
the above heat treatment is preferred to be conducted 
in a gas atmosphere composed of inert gas. The inert 
gas can include argon gas, helium gas and nitrogen gas. 
These gases may be used either singly or in combina- 
tion of two or more of them as a mixed gas. The heat 
treatment may be conducted in a step-wise manner To 
be more specific, it is possible that the heat treatment is 
repeated several times by changing the heat-treating 
temperature. 

[0039] The fullerene-producing method of the present 
invention is preferred to further include a solvent-treat- 
ing step in that the resultant heat-treated reaction prod- 
uct obtained in the above heat-treating step is dispersed 
in a solvent for fullerenes therein to dissolve the dissol- 
uble component contained in the heat-treated reaction 
product in the solvent, where the dissoluble component 
dissolved in the solvent contains fullerenes, and the sol- 
vent is subjected to an extraction treatment to extract 
said component in the form of a solid component. 
[0040] By conducting this solvent-treating step, the 
purity of the fullerenes-containing product obtained is 
improved. 

[0041] At the time when the heat-treated reaction 
product is dispersed in the solvent, it is possible to irra- 
diate ultrasonic wave in order to promote the dissolution 
of the fullerenes in the solvent. 

[0042] As the above solvent in which the heat-treated 
reaction product is dispersed, it is preferred to use a 
nonpolar solvent. 

[0043] As specific examples of the nonpolar solvent, 
there can be illustrated toluene, xylene, benzene, chlo- 
robenzene, dichlorobenzene, 1 ,2,4-trichlorobenzene, 
1 -methylnaphthalene, 1 -chloronaphthalene, tetralin, 
anisole, 1 ,1,2,2-tetrachloroethane, decalin, 2-methylth- 
iophene, carbon disulfide, andcyclohexene. These non- 
polar solvents may be used either singly or in combina- 
tion two or more of them as a mixed solvent. 
[0044] In the present invention, it is possible that the 
reaction product obtained when the aromatic com- 
pound-containing starting material is contacted with the 
supercritical fluid or the subcritical fluid is subjected to 
the above solvent-treating step without being heat-treat- 
ed by the heat-treating step. In this case, the reaction 
product is dispersed in the above solvent to dissolve the 
dissoluble component contained in the reaction product 
in the solvent, where the dissoluble component dis- 
solved in the solvent contains fullerenes, and the solvent 



is subjected to an extraction treatment to extract said 
component in the -form of a solid component. 
[0045] The isolation of the solid component resulted 
in the solvent-treating step may be conducted by sub- 

5 jecting the solvent containing the solid component to fil- 
tration or centrifugation. To remove the residual solvent 
in the isolated solid component may be conducted by 
subjecting the isolated solid component to a heat treat- 
ment or by subjecting the isolated solid component to 

10 an evaporation treatment under reduced pressure. It is 
possible to use high performance liquid chromatogra- 
phy in this isolation and purification. . 
[0046] In the present invention, to contact the aromat- 
ic compound-containing starting material with the super- 

15 critical fluid or the subcritical fluid may be performed in 
the presence of a transition metal or/and a transition 
metal compound, because this will occasionally improve 
the yield of fullerenes. Particularly, the intervention of 
the transition metal or/and the transition metal com- 

20 pound serves to promote the formation of fullerenes de- 
pending on the kind of the aromatic compound-contain- 
ing starting material used or/and the kind of the reaction 
medium-forming material used. In this case, it is pre- 
sumed that the transition metal or the transition metal 

25 compound behaves like a catalyst. 

[0047] The transition metal or the transition metal 
compound is introduced into the reaction vessel togeth- 
er with the aromatic compound-containing starting ma- 
terial and the raw material for forming the supercritical 

30 fluid or the subcritical fluid. And when the raw material 
is converted into the supercritical fluid or the subcritical 
fluid as previously described, the transition metal or the 
transition metal compound is present in contact with the 
starting material and the supercritical fluid or the sub- 

35 critical fluid. 

[0048] As the transition metal or the transition metal 
compound, it is preferred to use one which functions as 
an effective catalyst in dehydrogenation reaction. The 
transition metal or the transition metal compound is not 

40 always necessary to be externally added. The transition 
metal or the transition metal compound may be one orig- 
inally contained in the starting material or one resulted 
when the starting material is contacted with the super- 
critical fluid or the subcritical fluid. 

45 [0049] The transition metal element constituting the 
transition metal or the transition metal compound can 
include Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Y, Zr, Nb, Mo, Ru, 
Pd, Ag, Ta, W, Pt, and Au. Of these, Ni, Co, Fe, Cu, Cr, 
W, Mo, Ti, V, and Mn are more preferred, and Ni. Co, 

50 Fe, Cu, Cr, W, Mo, and Ti are most preferred. 

[0050] The transition metal compound can include 
transition metal halides, transition metal sulfides, tran- 
sition metal carbides, organo transition metal com- 
pounds, transition metal nitrides, and transition metal 

55 oxides. 

[0051] These transition metal compounds may be 
used either singly or in combination of two or more of 
them. 
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[0052] As specific preferable examples of the transi- 
tion metal carbide, there can be illustrated tungsten car- 
bide, molybdenum carbide, and titanium carbide. 
[0053] As specific preferable examples of the organo 
transition metal compound, there can be illustrated fer- 
rocene, nickelocene, nickel phthalocyanine, cobalt 
phthalocyanine, copper phthalocyanine, nickel acety- 
lacetonato, cobalt acetylacetonato, iron acetylaceto- 
nato, copper acetylacetonato, nickel carbonyl, cobalt 
carbonyl, iron carbonyl, bis(triphenylphosphine)dicarb- 
onylnickel, dibromobis(triphenylphosphine)nickel, and 
chlorotris(triphenylphosphine)rodium. 
[0054] In the present invention, in the case where the 
fullerenes contained in the reaction product obtained 
when the aromatic compound-containing starting mate- 
rial is contacted with the supercritical fluid or the sub- 
critical fluid contain a magnetic metal element therein, 
the magnetic metal element-containing fullerenes are 
collected by means of a magnet (a permanent magnet 
or an electromagnet), whereby it is possible to obtain a 
purified fullerenes-containing product. To be more spe- 
cific, said reaction product is dispersed in a dispersion 
medium such as alcohol or water while irradiating ultra- 
sonic wave, and thereafter, the magnetic metal element- 
containing fullerenes aro collected by means of a per- 
manent magnet or an oloctromagnot, whereby it is pos- 
sible to obtain a purified fullerenes-containing product. 
This purification treatment may be conducted at the 
stage before or after the heat-treating step or after the 
solvent-treating step 

[0055] FIG. 1 shows a flow chart illustrating an exam- 
ple of the above-desenbed fuHerene-producing method 
of the present invention. FIG. 2 is a schematic cross- 
sectional view illustrating an example of a reaction ap- 
paratus used for practicing the fullerenes-producing 
method of the present invention. 
[0056] Description will be made with reference to FIG. 
1. 

[0057] In Step 1 . an aromatic compound-containing 
starting material and a reaction medium-forming mate- 
rial, and if necessary, a transition metal or/and a transi- 
tion metal compound are introduced into a substantially 
enclosed reaction vessel of a reaction apparatus. 
[0058] In Step 2. the materials introduced in the reac- 
tion vessel are together heated while being com- 
pressed, where preferably, the reaction medium-form- 
ing material is converted into a supercritical fluid and the 
starting material is contacted with the supercritical fluid 
to obtain a reaction product containing fullerenes. 
[0059] In Step 3, if required, the reaction product is 
subjected to a heat treatment at a temperature of 300 
to 600 °C preferably in an inert gas atmosphere in order 
to remove impurities contained in the reaction product. 
[0060] In Step 4, the heat-treated reaction product is 
subjected to an extraction treatment using a solvent ca- 
pable of dissolving fullerenes to extract a dissoluble 
component containing fullerenes and the solvent con- 
tained in the extracted dissoluble component is re- 
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moved. 

[0061] The reaction apparatus shown in FIG. 2 com- 
prises a substantially enclosed pressure reaction vessel 
202 provided with a pressure gauge 203, a heater 204, 
5 and a safety vent 205. At least the inner wall of the re- 
action vessel 202 is made of preferably a stainless steel 
or more preferably a Ni-Mo alloy so as to have sufficient 
corrosion resistance. 

[0062] Reference numeral 201 indicates a reaction 
f o medium-forming material contained in the reaction ves- 
sel 202, and reference numeral 200 indicates an aro- 
matic compound-containing starting material mixed in 
the reaction medium-forming material 201 in the reac- 
tion vessel. 

15 [0063] Although not shown in FIG. 2, it is preferred 
that the reaction apparatus is provided with an agitation 
mechanism in order to uniformly promote the reaction 
in the reaction vessel. Further, although not shown in 
FIG. 2, the reaction apparatus is preferred to have a cir- 
culating flow reaction system in that from the reaction 
product containing the unreacted starting material out- 
putted from the reaction vessel, a fullerenes-containing 
reaction product is isolated and the unreacted starting 
material is returned into the reaction vessel, in order to 
improve the yield from the starting material. 
[0064] By the way, a fullerene comprising carbon at- 
oms only has a three-dimensional closed spherical mo- 
lecular structure comprising a plurality of five-member 
rings of carbon atoms and a plurality of six-member 
rings of carbon atoms. Of the fullerene, when the 
number of the vertices of the polyhedron comprising car- 
bon atoms is made to be V, the number of the edges of 
the polyhedron is made to be E, and the number of the 
faces of the polyhedron is made to be F, the relation- 
ships ofE + 2 = V+ F and 2E = 3V in the Euler's theorem 
are established. 

[0065] The fullerenes produced in the present inven- 
tion have such three-dimensional closed spherical mo- 
lecular structure. Specifically, they include fullerene C 60 
with 60 carbon atoms, fullerene C 70 with 70 carbon at- 
oms, fullerene C 76 with 76 carbon atoms, fullerene C 78 
with 78 carbon atoms, fullerene with 82 carbon at- 
oms, fullerene C 84 with 84 carbon atoms, fullerene C 86 
with 86 carbon atoms, fullerene Cqq with 88 carbon at- 
oms, fullerene C 90 with 90 carbon atoms, fullerene C 94 
with 94 carbon atoms, and fullerene Cgg with 96 carbon 
atoms. 

[0066] The fullerene can be determined by laser-va- 
porization cluster beam mass spectrum, infrared ab- 
sorption spectrum analysis, Raman scattering spectrum 
analysis, 13 C-NMR spectrum analysis, electron diffrac- 
tion analysis, X-ray diffraction analysis, or neutron dif- 
fraction analysis. 

[0067] In the following, the present invention will be 
described in more detail with reference to examples. It 
should be understood that these examples are only for 
illustrative purposes and the scope of the present inven- 
tion is not restricted by these examples. 
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Example 1 

[0068] Into the reaction vessel 202 (made of a Ni-Mo 
alloy) of the reaction apparatus shown in FIG. 2, 2 g of 
naphthalene (the critical temperature: 475 °C; the criti- 5 
cal pressure: 4.11 MPa) as the starting material 200, 0.2 
g of ferric chloride (FeCI 3 ) as a catalyst, 2 g of ethanol 
(the critical temperature: 243 °C; the critical pressure: 
6.38 MPa) as a solvent for said ferric chloride, and 80 g 
of a dryice C0 2 (the critical temperature: 31 °C; the crit- 
ical pressure: 7.38 MPa) as the reaction medium-form- 
ing material 201 were introduced, and they were sub- 
jected to reaction at 300 °C under pressure condition of 
12 MPa for 6 hours to obtain a reaction product. The 
resultant reaction product was subjected to an extrac- 
tion treatment with toluene to obtain an extracted reac- 
tion product. 

[0069] A sample of the extracted reaction product was 
diluted with toluene to 200 times to obtain a toluene so- 
lution. The toluene solution was subjected to analysis 
by a high performance liquid chromatography with the 
use of an eluting solution comprising methanol/toiuene 
= 51/41 . As a result, there were observed a peak corre- 
sponding to unreacted naphthalene and a peak at a po- 
sition in agreement with the retention time previously 
measured by a fullerene C 60 toluene solution. 
[0070] Another sample of the extracted reaction prod- 
uct was subjected to isolation and purification by a high 
performance liquid chromatography using a ODS (octa- 
decyksilicas) column to obtain a purified product. The 
purified product was subjected to analysis by a laser de- 
sorption time-of -flight mass spectrum analyzer. There 
was observed a spectrum corresponding to more than 
C 60 (60 carbon atoms). Besides, the purified product 
was subjected to analysis by an infrared spectroscopy. 
As a result, there was observed an absorption peak at 
1180 cm -1 which is peculiar to fullerene. 

Example 2 

[0071] The procedures of Example 1 were repeated, 
except that 0.2 g of ferrocene was added in addition to 
the ferric chloride as the catalyst, to obtain a reaction 
product. The reaction product was subjected to an ex- 
traction treatment with toluene to obtain an extracted re- 
action product. 

[0072] As well as in Example 1 , a sample of the ex- 
tracted reaction product was. subjected to analysis by 
the high performance liquid chromatography. As a re- 
sult, there were observed a peak corresponding to un- 
reacted naphthalene and a peak at a position in agree- 
ment with the retention time previously measured by a 
fullerene toluene solution. 

Example 3 

[0073] The procedures of Example 1 were repeated, 
except that the ferric chloride was not used and the re- 



action temperature was changed to 400 °C, to obtain a 
reaction product. The reaction product was subjected to 
an extraction treatment with toluene to obtain an extract- 
ed reaction product. 

[0074] As well as in Example 1 , a sample of the ex- 
tracted reaction product was subjected to analysis by 
the high performance liquid chromatography. As a re- 
sult, there were observed a peak corresponding to un- 
reacted naphthalene and a peak at a position in agree- 
ment with the retention time previously measured by a 
fullerene toluene solution. 

Example 4 

[0075] The procedures of Example 1 were repeated, 
except that the ferric chloride was not added, 22 g of 
ion-exchanged water was added instead of the dryice, 
the reaction temperature was changed to 400 °C, and 
the pressure was changed to 28 MPa, to obtain a reac- 
tion product. The reaction product was subjected to an 
extraction treatment with toluene to obtain an extracted 
reaction product. 

[0076] As well as in Example 1 , a sample of the ex- 
tracted reaction product was subjected to analysis by 
the high performance liquid chromatography. As a re- 
sult, there were observed a peak corresponding to un- 
reacted naphthalene and a peak at a position in agree- 
ment with the retention time previously measured by a 
fullerene toluene solution. 

Example 5 

[0077] The procedures of Example 1 were repeated, 
except that toluene was used instead of the naphthalene 
as the starting material, the ferric chloride was not used, 
and the reaction temperature was changed to 400 °C, 
to obtain a reaction product. The reaction product was 
subjected to an extraction treatment with toluene to ob- 
tain an extracted reaction product. 
[0078] As well as in Example 1 , a sample of the ex- 
tracted reaction product was subjected to analysis by 
the high performance liquid chromatography. As a re- 
sult, there were observed a peak corresponding to un- 
reacted naphthalene and a peak at a position in agree- 
ment with the retention time previously measured by a 
fullerene toluene solution. 

Example 6 

[0079] The procedures of Example 1 were repeated, 
except that 2.5 g of pitch was used instead of the naph- 
thalene as the starting material, the ferric chloride was 
not used and the reaction temperature was changed to 
400 °C, to obtain a reaction product. The reaction prod- 
uct was subjected to a heat treatment in an argon at- 
mosphere at 400 °Cfor 3 hours. The heat-treated reac- 
tion product was subjected to an extraction treatment 
with toluene to obtain an extracted reaction product. 
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[0080] As well as in Example 1, a sample of the ex- 
tracted reaction product was subjected to analysis by 
the high performance liquid chromatography. As a re- 
sult, there were observed a peak corresponding to un- 
reacted pitch and a peak at a position in agreement with 
the retention time previously measured by a fullerene 
C 60 toluene solution. 

Example 7 

[0081] The procedures of Example 1 were repeated, 
except that 2 g of 5,8-dihydroxy-1,4-naphthoquinone 
was used instead of the naphthalene as the starting ma- 
terial, sulfuric acid was used instead of the ferric chloride 
as the catalyst, and the reaction temperature was 
changed to 400 °C, to obtain a reaction product. The 
reaction product was subjected to an extraction treat- 
ment with toluene to obtain an extracted reaction prod- 
uct. 

[0082] As well as in Example 1 , a sample of the ex- 
tracted reaction product was subjected to analysis by 
the high performance liquid chromatography. As a re- 
sult, there were observed a peak corresponding to un- 
reacted 5,8-dihydroxy-1 ,4-naphthoquinone and a peak 
at a position in agreement with the retention time previ- 
ously measured by a fullerene C 60 toluene solution. 

Comparative Example 1 

[0083] The procedures of Example 1 were repeated, 
except that the naphthalene as the starting material was 
omitted, to obtain a reaction product. 
[0084] The reaction product was subjected to an ex- 
traction treatment with toluene to obtain an extracted re- 
action product. 

[0085] As well as in Example t , a sample of the ex- 
tracted reaction product was subjected to analysis by 
the high performance liquid chromatography. As a re- 
sult, there was not observed a peak at a position in 
agreement with the retention time previously measured 
by a fullerene toluene solution. 
[0086] From this, it is understood that the ethanol 
used as the solvent for the ferric chloride cannot serve 
as the starting material. 

Comparative Example 2 

[0087] The procedures of Example 1 were repeated, 
except that the reaction temperature was changed to 
600 °C, to obtain a reaction product. The reaction prod- 
uct was subjected to an extraction treatment with tolu- 
ene to obtain an extracted reaction product. 
[0088] As well as in Example 1 , a sample of the ex- 
tracted reaction product was subjected to analysis by 
the high performance liquid chromatography. As a re- 
sult, there was not observed a peak at a position in 
agreement with the retention time previously measured 
by a fullerene C^ toluene solution. 



Comparative Example 3 

[0089] The procedures of Example 1 were repeated, 
except that the reaction temperature was changed to 30 

5 °C, to obtain a reaction product. The reaction product 
was subjected to an extraction treatment with toluene to 
obtain an extracted reaction product. 
[0090] As well as in Example 1 , a sample of the ex- 
tracted reaction product was subjected to analysis by 

10 the high performance liquid chromatography. As a re- 
sult, there was not observed a peak at a position in 
agreement with the retention time previously measured 
by a fullerene C 60 toluene solution. 
[0091] As above described, according to the present 

'5 invention, it is possible to effectively produce fullerenes 
from a relatively inexpensive starting material by a sim- 
ple manner using a relatively inexpensive reaction ap- 
paratus without necessity of using a costly vacuum re- 
action apparatus. In addition, the fullerene-producing 

y o method of the present invention can be practiced in a 
large-scaled reaction apparatus so as to mass-produce 
fullerenes. 



25 Claims 

1. A method for producing fullerenes, characterized 
in that said method includes a step (a) of contacting 
an aromatic compound-containing starting material 

30 with a supercritical fluid or a subcritical fluid at a 
temperature in a range of from 31 °C to 500 °C and 
at a pressure in a range of from 3.8 MPa to 60 MPa. 

2. The method according to claim 1 , wherein said su- 
35 percritical fluid or said subcritical fluid is formed 

from one or more kinds of materials selected from 
the group consisting of an aromatic compound as 
said starting material, a solvent for said aromatic 
compound, water, dinitrogen monoxide, andammo- 
40 nia. 

3. The method according to claim 2, wherein said sol- 
vent is one or more kinds of materials selected from 
the group consisting of carbon dioxide, alcohols, hy- 

45 drocarbons, and ethers. 

4. The method according to claim 1, wherein said 
method includes a step (b) of subjecting a reaction 
product obtained in said step (a) to a heat treatment 

50 at a temperature in a range of from 300 to 600 °C. 

5. The method according to claim 4, wherein said heat 
treatment in said step (b) is conducted in a gas at- 
mosphere composed of one or more gases selected 

55 from the group consisting of argon gas, helium gas 
and nitrogen gas. 

6. The method according claim 4 or 5, wherein said 
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method includes a step (c) in that a dissoluble com- 
ponent contained in a heat-treated reaction product 
obtained in said step (b) which is dissoluble in a sol- 
vent for f ullerenes is extracted with said solvent. 

The method according to claim 6, wherein said sol- 
vent is a nonpolar solvent comprising one or more 
solvents selected from the group consisting of tolu- 
ene, xylene, benzene, chlorobenzene, dichloroben- 
zene, 1 ,2,4-trichlorobenzene, 1 -methylnaphtha- 
lene, 1-chloronaphthalene, tetralin, anisole, 
1,1 ,2,2-tetrachloroethane, decalin, 2-methylthi- 
ophene, carbon disulfide, and cyclohexene. 

The method according claim 1 , wherein said aro- 
matic compound-containing starting material com- 
prises at least one kind of material selected from 
the group consisting of benzene, toluene, xylene, 
pitch, pitch coke, petroleum coke, coal tar, fluoran- 
thene, pyrene, chrysene, phenanthrene, anthra- 
cene, naphthalene, methylnaphthalene, fluorene, 
biphenyl, and acenaphthene. 

The method according to claim 1 , wherein to con- 
tact said aromatic compound-containing starting 
material with said supercritical fluid or said subcrit- 
ical fluid in said step (a) is conducted under pres- 
sure condition of 2 to 60 MPa. 
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iron carbonyl, bis(triphenylphosphine)dicarbonyln- 
ickel, dibromobis(triphenylphosphine)nickel, and 
chlorotris(triphenylphosphine)rhodium. 

14. The method according to claim 1, wherein f uller- 
enes contained in a reaction product obtained in 
said step (a) contain a magnetic metal therein. 

15. The method according to claim 14, wherein said 
method includes a purification step in that said 
fullerenes contained in said reaction product are 
collected by virtue of magnetic force to obtain a 
product comprising purified fullerenes. 



25 



1 0. The method according claim 1 or 9, wherein contact 30 
said aromatic compound-containing starting mate- 
rial with said supercritical fluid or said subcritical flu- 
id in said step (a) is performed in the presence of 

an transition metal or/and a transition metal com- 
pound. 35 

11. The method according to claim 10, wherein said 
transition metal compound comprises one or more 
transition compounds selected from the group con- 
sisting of transition metal halides, transition metal *o 
sulfides, transition metal carbides, organo transition 
metal compounds, transition metal nitrides, and 
transition metal oxides. 



12. The method according to claim 10, wherein the tran- 
sition metal element constituting said transition 
metal or said transition metal compound is at least 
one kind of metal element selected from the group 
consisting of Ti, Cr, Fe, Co, Ni, Cu, Mo, and W. 

13. The method according to claim 10, wherein said 
transition metal compound comprises one or more 
organo transition metal compounds selected from 
the group consisting of ferrocene, nickelocene, 
nickel phthalocyanine, cobalt phthalocyanine, cop- 
per phthalocyanine, nickel acetylacetonato, cobalt 
acetylacetonato, iron acetylacetonato, copper 
acetylacetonato, nickel carbonyl, cobalt carbonyl, 
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